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functions whereas it costimulates T cells.

responses to pathogens
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(Bacl(ground: CD161 expressed by NK cells and T cells interacts with LLT1.
Results: LLT1 expression profile reveals LLT1 is induced by pathogens and IFN-yand LLT1/CD161 interaction inhibits NK cell

Conclusion: The link between LLT1 expression and pathogen stimulation points toward a role in modulating immune

Significance: LLT1/CD161 interaction is relevant in immunity to infection.
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CD161 is a C-type lectin-like receptor expressed on human
natural killer (NK) cells and subsets of T cells. CD161 has
been described as an inhibitory receptor that regulates NK
cell-mediated cytotoxicity and IFN-y production. Its role on
T cells has remained unclear. Studies have shown that trig-
gering of CD161 enhances NK T cell proliferation and T cell-
IFN-vy production while inhibiting TNF-a production by
CDS8* T cells. Lectin-like transcript 1 (LLT1), the ligand of
CD161, was found to be expressed on Toll-like receptor
(TLR)-activated plasmacytoid and monocyte-derived den-
dritic cells (DC) and on activated B cells. Using newly devel-
oped anti-LLT1 mAbs, we show that LLT1 is not expressed on
the surface of circulating B and T lymphocytes, NK cells,
monocytes, and dendritic cells but that LLT1 is up-regulated
upon activation. Not only TLR-stimulated dendritic cells and
B cells but also T cell receptor-activated T cells and activated
NK cells up-regulate LLT1. Interestingly, IFN-vy increases
LLT1 expression level on antigen-presenting cells. LLT1 is
also induced on B cells upon viral infection such as Epstein-
Barr virus or HIV infection and in inflamed tonsils. Finally,
expression of LLT1 on B cells inhibits NK cell function but
costimulates T cell proliferation or IFN-vy production, and
coengagement of CD161 with CD3 increases IL-17 secretion.
Altogether, our results point toward a role for LLT1/CD161
in modulating immune responses to pathogens.
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The immune response is a complex network of interactions
and regulations. It involves an innate immune system that uses
a restricted set of invariant pattern-recognition receptors
(PRRs)? that recognize pathogen-associated molecular patterns
and an adaptive immune system generating a diverse repertoire
of antigen receptors expressed by T and B lymphocytes leading
to efficient effector responses and immunological memory (1).
PRRs facilitate uptake of microbes and induce chemokines,
proinflammatory cytokines, anti-microbial peptides, and com-
plement activation. PRRs also up-regulate costimulatory mole-
cules and induce cytokines that are crucial for the generation of
adaptive immune responses. One of the best studied family of
PRRs is the Toll-like receptor (TLR) family. TLR-activated anti-
gen-presenting cells (APCs) display all of the necessary signals
to induce efficient T cell responses. Nonetheless, the rules gov-
erning T cell activation remain poorly understood. An increas-
ing number of costimulatory molecules have been described,
but their role respective to PRRs and T cell activation still awaits
investigation.

CD161, also known as NKR-P1A, is a C-type lectin-like
receptor belonging to the C-type lectin family of receptors
whose encoding genes are clustered in the natural killer (NK)
cell complex on human chromosome 12. The KLRBI gene
encodes CD161, a type II transmembrane glycoprotein
expressed as a disulfide-linked homodimer on the cell surface
of most human NK cells (2) and diverse subsets of T lympho-
cytes including invariant NK T cells (3), mucosa-associated
invariant T cells (4), y8 T cells (5), and a3 T cells (2). CD161 is
expressed mainly by effector and central memory T cells but is

2 The abbreviations used are: PRR, pattern-recognition receptor; APC, anti-
gen-presenting cell; BCR, B cell receptor; CFSE, carboxyfluorescein succin-
imidyl ester; Clr, C-type lectin-related; DC, dendritic cell; LLT1, lectin-like
transcript 1; NK, natural killer; PBMC, peripheral blood mononuclear cell;
PGE2, prostaglandin E2; PHA, phytohemagglutinin; sCD40L, soluble CD40
ligand; SEB, staphylococcal enterotoxin B; TLR, Toll-like receptor.
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not found on naive T cells (6, 7). Although CD161 has been
associated with IFN-vy and IL-17 secretion by CD4™ T cells (8,
9), its function on human cells still remains unclear.

We and others identified lectin-like transcript 1 (LLT1) as
the ligand of CD161 (10, 11). LLT1 is encoded by one of the
alternatively spliced transcript variants of the CLEC2D gene
also located in the NK cell complex (12). A recent study
detected LLT1 expression on TLR-activated plasmacytoid and
monocyte-derived dendritic cells (DCs) as well as on TLR or B
cell receptor (BCR)-activated B cells (11). However, extensive
study of LLT1 expression profile is still lacking. It has clearly
been established that the LLT1/CD161 interaction inhibits NK
cell-mediated cytotoxicity and IFN-vy secretion (10, 13), but its
role on T cells remains controversial. The interaction either
costimulated the proliferation and cytokine secretion of T cells
and NKT cells (3, 10, 14), decreased TNF-a production by
CD8™" T cells (13), or had no effect (8, 11). Earlier studies have
also suggested that CD161 could be involved in CD4* and y6 T
cell trans-endothelial migration (5, 15).

To clarify the role of the LLT1/CD161 interaction, we used
newly developed anti-LLT1 mAbs to define precisely the
expression profile of LLT1 (12). LLT1 is expressed by hemato-
poietic cells, and its expression was found to be tightly corre-
lated with activation on T cells, NK cells, B cells, and DCs. In
agreement with a previous study (11), we found that activated B
cells and TLR-activated DCs expressed LLT1 on the cell sur-
face. In addition, we identified IFN-vy as a key signal amplifying
LLT1 induction by TLR on APCs. Accordingly, we found LLT1
induction upon viral infections and in inflamed tonsils. Func-
tional studies with LLT1-expressing B cells demonstrated that
the LLT1/CD161 interaction inhibited NK cell function and
costimulated proliferation and IFN-vy secretion by CD161" T
cells. In addition, we showed that coengagement of CD161 and
CD3 increased IL-17 secretion by Th17 cells. LLT1/CD161
therefore represents an additional ligand/receptor pair that
regulates both innate and adaptive immune responses.

EXPERIMENTAL PROCEDURES

Cell Lines—CI1R and C1R-LLT1 B cell lines, Raji Burkitt lym-
phoma, 293T and 293T-CD161 human embryonic kidney, COS
African green monkey kidney, THP-1 acute monocytic leuke-
mia, and P815 mouse mastocytoma cells were maintained in
complete RPMI 1640 medium or Iscove’s modified Dulbecco’s
medium (Lonza) supplemented with 10% FCS (Pierce), penicil-
lin (100 units/ml), and streptomycin (100 pug/ml).

Primary Cells—Peripheral Blood Mononuclear Cells
(PBMCs) were separated by Ficoll-Paque Plus density gradient
centrifugation (Amersham Biosciences) from blood purchased
from the Etablissement Francais du Sang. Monocytes; B cells
and NK cells were isolated by positive magnetic selection with
anti-CD14, anti-CD19, or anti-CD56 Microbeads (Miltenyi
Biotec), respectively, and further sorted by flow cytometry on a
FACSVantage (Becton Dickinson) using anti-CD3, -CD56,
-CD19, and -CD14 mAbs (BD Biosciences). T cells were sorted
directly by flow cytometry as CD3", CD3"CD4", or
CD3"CD8" cells using anti-CD3, -CD4, and -CD8 mAbs.
Purity was typically >92-99%. Monocyte-derived DCs were
generated from positively selected CD14" monocytes cultured
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for 5 days in the presence of 200 units/ml IL-4 (BD Biosciences)
and 50 ng/ml GM-CSF (PeproTech). For NK cell assays purified
CD56 ™ cells were subsequently cocultured with irradiated allo-
geneic PBMCs and B-EBV feeder cells in X-VIVO 15 medium
(Cambrex) supplemented with 10% FCS and 500 units/ml IL-2
(Chiron). All NK cells used contained <5% CD3*"CD56" T
cells. Th17 clonal cells were generated as follows. PBMCs were
cultured in RPMI 1640 medium supplemented with 10% FCS, 1
mM sodium pyruvate, 0.1 mMm nonessential amino acids, 50 um
B-mercaptoethanol, 1 um PGE2 (BD Biosciences), 10 ng/ml
IL-23 (eBioscience), 10 ng/ml IL-183 (BD Biosciences) and 0.1
pg/ml anti-CD3 OKTS3 for 12 days. On day 2, culture medium
was supplemented with 20 units/ml IL-2. On day 12,
CD1617CD4*CD3" cells were sorted by flow cytometry using
anti-CD161, -CD4, and -CD3 mAbs and subsequently cocul-
tured with irradiated allogeneic PBMCs in complete medium.
After 3 weeks, clones were screened by flow cytometry for IL-17
production after phorbol 12-myristate 13-acetate/ionomycin
stimulation using Alexa Fluor 647-conjugated anti-human
IL-17A (eBioscience). The selected IL-17-producing clones
were amplified further in the presence of allogeneic irradiated
PBMCs in complete medium. B cells from discarded tonsils
were obtained after informed consent from patients undergo-
ing routine tonsillectomies at the Lenval Hospital, Nice. Cells
were mechanically collected and the suspension passed
through 70-um nylon cell strainers (BD Biosciences).

Antibodies—In house-generated anti-LLT1 mAbs (clones
2F1 and 4F68) have been described previously (12). 4F68 was
cloned and the variable region fused to human IgG4 Fc domain
(4F68-hlgG4). The following antibodies were used in functional
assays: anti-LLT1 (mAb3480) (R&D Systems), anti-CLEC2D/A
(4C7) (Abnova), anti-CD161 (HP3G10) (kindly provided by M.
Lopez-Botet, Spain), anti-TNP (mIgG1), and human IgG4 (Sig-
ma-Aldrich). F(ab’), fragments of 4F68, HP3G10, and mIgG1
isotype control were prepared by pepsin digestion (Sigma) at a
3:100 (w/w) ratio of pepsin to IgG in 0.2 mol/liter sodium ace-
tate buffer (pH 4.0) at 37 °C, for 4 h. LLT1-Fc multimer was
generated as described previously (10).

Real-time RT-PCR and Western Blotting—Real-time
RT-PCR amplification of CLEC2D variant 1 was performed as
described previously (12). Transcript levels were expressed rel-
ative to B-actin. For Western blot analysis, whole cell lysates
were prepared as described previously (12), loaded on 12% SDS-
PAGE, and transferred to nitrocellulose membranes. LLT1 was
detected using 2F1, and B-actin was used as control.

Flow Cytometry—Cells were incubated in PBS, 0.1% BSA,
10% normal mouse serum, and 100 pg/ml human Ig for 30 min
on ice, to block Fc receptors efficiently prior to incubation with
biotinylated anti-LLT1 (4F68) or isotype mIgG1 control, fol-
lowed by APC-conjugated streptavidin (BD Biosciences). The
various cell populations were phenotyped using labeled anti-
bodies (BD Biosciences) to CD3, CD4, CD8, CD19, CD14,
CD83, CD56, CD161, CD69, and CD38. Cytokine production
was monitored by intracellular staining using phycoerythrin-
conjugated anti-IFN-vy or anti-IL-4 mAbs and Alexa Fluor 647-
conjugated anti-IL-17 or anti-IL-10 mAbs. NK cell degranula-
tion was detected using phycoerythrin-conjugated anti-
CD107a mAb.
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Cell Stimulations and Viral Infections—Polyclonal T cells
were cultured for 72 h in the presence of 0.5 ug/ml PHA
(Remel), or for 24 h on plate-bound anti-CD3 UCHT1 or
mlgG1 isotype control MOPC-21 (1 pug/ml) (Sigma). Carboxy-
fluorescein succinimidyl ester (CESE; Invitrogen)-labeled
CD4" T cells were cultured for 5 days in wells coated with
anti-CD3 OKT3 (3 pg/ml). B cells were cultured for 60 h in the
presence of 2.5 pg/ml soluble CD40 ligand (sCD40L) (Pepro-
Tech) and 5 ug/ml F(ab’), anti-IgM (Beckman Coulter), or of 5
pg/ml TLR7/8 ligand CL097, TLR7 ligand imiquimod, TLR8
ligand ssRNA40, or TLR9 ligand CpG ODN2006 (Invivogen)
supplemented when indicated with 0.5 ug/ml IEN-vy or IL-4.
NK cells were cultured for 18 h in the presence of 293T cells,
COS cells, THP1 cells, or C1R cells, or P815 cells coated with
anti-CD16 3G8 or a mIgG2A isotype control (50 ug/ml), at an
E:T ratio of 1:3. DCs were cultured for 48 h in the presence of a
mixture of cytokines, including IL-18 (10 ng/ml), IL-6 (10
ng/ml), TNF-a (10 ng/ml), and PGE2 (1000 units/ml), or of 25
pg/ml TLR3 ligand poly(I:C), 1 wg/ml TLR4 ligand LPS, 5
png/ml TLR7/8 ligand CL097, 5 ug/ml TLR7 ligand imiquimod,
or 5 pug/ml TLR8 ligand ssSRNA40. LPS-stimulated DCs were
stimulated with 2.5 pug/ml sCD40L, or 0.3 pg/ml IL-12, IL-4,
IEN-vy or IL-17A. PBMCs were incubated with EBV superna-
tant (from B95.8 cells, kindly provided by C. Willem, EFS,
Nantes, France) or HIV-1 IIIB supernatant for 66 h or 72 h,
respectively.

NK and T Cell Assays—Polyclonal NK cells were stimu-
lated for 4 —5 h with CIR or CIR-LLT1 cells at an E:T ratio of
1:3 in the presence or not of the indicated mAbs either as
mlgGl, F(ab'), fragments, or hIgG4 Fc-fusion proteins (10
pg/ml). CD161 down-regulation, NK cell degranulation, and
IEN-v production were monitored as described previously
(10). Autologous B and T cells from PBMCs were first stim-
ulated for 24 h with 5 ug/ml CpG ODN2006 to up-regulate
LLT1 on B cells. Anti-LLT1 or isotype controls (20 wg/ml)
were then added to the culture medium, followed 30 min
later by the addition of staphylococcal enterotoxin B (SEB)
(10 ng/ml) (Sigma). After 5 days of culture, cells were stim-
ulated for 4 h with 5 ng/ml phorbol 12-myristate 13-acetate
and 500 ng/ml ionomycin (Sigma) in the presence of 10
pg/ml brefeldin A, followed by intracellular staining using
phycoerythrin-conjugated anti-human IFN-y (BD Biosci-
ences). Autologous B and T cells from tonsils were labeled
with 2.5 um CESE and cultured in the presence of SEB (250
pg/ml) and anti-LLT1 or isotype controls (20 ug/ml). After 5
days, the dilution of CFSE was monitored by flow cytometry.
Th17 clones were incubated for 4 h on plate-bound anti-CD3
UCHT1 at increasing concentrations, in combination with
plate-bound anti-CD161 (HP3G10) or mIgG1 isotype con-
trol (5 ug/ml) and 10 pg/ml brefeldin A. IL-17 secretion was
detected by intracellular staining with Alexa Fluor 647-con-
jugated anti-human IL-17A. The IL-17 secretion index was
calculated as follows: (percentage IL-17" cells with anti-
CD161 — percentage IL-17% cells with isotype control
mlgG1)/(percentage IL-17% cells with isotype control
mlgG1) * 100.
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RESULTS

LLTI Is Induced upon Activation on Hematopoietic Cells—
The LLT1 expression profile was studied both at the transcrip-
tional level using specific real-time RT-PCR and at the protein
level using two novel anti-LLT1 mAbs that we have generated
(12). We showed previously that CLEC2D transcript variant 1
(LLT1) was detected only in a few cell lines of the B cell lineage
such as Raji, used here as an internal control (12). Low levels of
LLT1 mRNA were detected in PBMCs from healthy donors
compared with Raji, and transcripts were found primarily in T
and B lymphocytes, at lower levels in NK cells, and were absent
in monocytes (Fig. 1A). Despite the presence of transcripts,
however, no LLT1 protein was detected either at the cell surface
or intracellularly, indicating that LLT1 translation is tightly reg-
ulated and that LLT1 is not expressed by hematopoietic cells
under resting conditions (Fig. 1, B and C).

We thus searched for signals that could induce LLT1 expres-
sion on PBMCs. Stimulation of polyclonal T cells with PHA for
72 h resulted in a 2-fold increase of LLT1 transcripts and the
detection of LLT1 protein by Western blotting (Fig. 2, A and B).
LLT1 is heavily glycosylated and runs as a diffuse band with
higher molecular mass corresponding to cell surface-expressed
LLT1 and lower molecular mass corresponding to intracellular
LLT1 (Figs. 2B, 3B, and 4B). In correlation with the detection of
LLT1 protein in whole cell lysates, we detected LLT1 at the cell
surface of T cells, both on CD4 " and CD8™ cells by flow cytom-
etry using 4F68 mAb (Fig. 2C, upper). Although less efficient
(12), anti-LLT1 mAbs clone 2F1 and mAb3480 also detected
LLT1 at the cell surface of PHA-stimulated T cells (data not
shown). Importantly, PHA-mediated induction of LLT1 at the
cell surface was only detectable after 24 h of stimulation and
was maximal between 48 and 72 h (data not shown). LLT1 was
also induced upon cross-linking for 24 h of the T cell receptors
using plate-bound anti-CD3 (Fig. 2C, lower). Interestingly,
LLT1 expression was closely associated with activation because
its expression was detected exclusively on T cells expressing the
early activation marker CD69 and on proliferating T cells (Fig.
2C, lower). LLT1 could be detected indifferently on both
CD161" and CD161 ™ T cells (data not shown). The induction
of LLT1 cell surface expression was also detected on activated
invariant NKT cells, as well as on IFN-vy-, IL-4-, IL-17-, and
IL-10-secreting CD4™" T cells (data not shown). In addition to
activated T cells, we also detected LLT1 on activated B cells
after engagement of the BCR and CD40 for 60 h (Fig. 2D). These
results on B cells are in agreement with a previous report (11).
Finally, we could detect intracellular LLT1 protein expression
in IL-2-activated polyclonal NK cell lines generated in the pres-
ence of allogeneic PBMCs and B cells by Western blotting (Fig.
2E), but cell surface expression was detected only on NK cells
incubated for 18 h with some but not all NK-sensitive targets
(Fig. 2F, upper). Because NK cell activation results from a bal-
ance between the engagement of activating and inhibitory
receptors, whose ligands can be differentially expressed on tar-
get cells, we tested whether LLT1 expression required the
engagement of specific NK receptors. We thus performed redi-
rected killing assays using the FcR-bearing P815 cells coated
with anti-NKR mAbs either alone or in combination. LLT1 was
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FIGURE 1.LLT1 expression in resting PBMCs. A, CLEC2D transcript variant 1 (LLT1) quantification by real-time RT-PCR in Raji or the indicated cell populations
isolated from peripheral blood of a representative healthy donor. B, LLT1 protein detection by Western blot analysis of whole cell lysates of the indicated cell
populations using 2F1 mAb. B-Actin was used as internal control. C, cell surface expression of LLT1 analyzed by flow cytometry using 4F68 mAb (solid line)
compared with mlgG?1 isotype control (filled histogram). Data are representative of three independent experiments (A and B) and >20 independent experi-

ments (C).

induced only upon CD16 cross-linking but not upon NKG2D,
CD94/NKG2C, NKp30, NKp44, or NKp46 engagement (Fig.
2F, lower, and data not shown). Cross-linking of CD16 simulta-
neously with the above activating NKRs did not enhance LLT1
induction, and the level of expression of LLT1 upon cross-link-
ing of CD16 remained consistently low (data not shown). CD16
is not a natural cytotoxicity receptor but mediates antibody-de-
pendent cellular cytotoxicity and has been identified as the
dominant receptor in the hierarchy of receptors that trigger NK
cells (16). Our results therefore suggest that LLT1 expression
on NK cells is induced when a threshold of activation is reached
as obtained with CD16 engagement or in the presence of NK-
sensitive targets.

LLT1 Expression on APCs Is Regulated by Pathogen-associ-
ated Stimuli—CD161, the receptor of LLT1, is expressed on NK
cells and subsets of T cells and is thought to interact with LLT1
on APCs (10, 11, 13). We therefore examined the regulation of
LLT1 expression on DCs and B cells. Monocyte-derived DCs
were generated from the culture of blood purified CD14™
monocytes in the presence of GM-CSF and IL-4. On day 5,
immature DCs were stimulated with a panel of TLR ligands or a
type 2 polarized DC (DC2)-inducing mixture of cytokines (17)
and subsequently analyzed for the presence of LLT1 mRNA and
protein. Similar to monocytes, immature DCs did not express
LLT1 (Fig. 3, A-D). In contrast, LLT1 expression was induced
upon specific TLR stimulations on mature DCs (Fig. 3). The
most potent stimulator of LLT1 expression was LPS, which
triggers TLR4. Indeed, we detected a 6-fold increase in LLT1
mRNA and significant amount of LLT1 protein, although a
large part displayed the lower molecular mass, suggesting an
intracellular localization. Stimulation of TLR3 with poly(I:C)
induced transcription of LLT1 but to a lesser extent than TLR4
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stimulation, and very low levels of LLT1 protein could be
detected. In contrast, TLR8 stimulation with CL097, TLR2/6
stimulation with Pam2CSK4, NOD2 with MDP, and DC matu-
ration with a DC2-inducing mixture of cytokines (IL-1(,
TNE-q, IL-6, and PGE2) did not lead to LLT1 induction (Fig. 3,
A, B, and D, and data not shown). Flagellin and CpG were used
because negative controls as human monocyte-derived DCs do
not express TLR5 and TLRO. Interestingly, the combined stim-
ulation of TLR4 (LPS) with TLR8 (CL097 and ssRNA) further
enhanced cell surface expression of LLT1, suggesting that TLRs
can have a synergistic effect (Fig. 3E, upper). Importantly, we
found that IFN-vy reproducibly increased LLT1 expression
intracellularly and on the surface of LPS-matured DCs whereas
1L-12,1L-4,1L-17,1L-10, and TNF-a did not have any effect and
sCD40L decreased it, suggesting that type 1 polarized DC
(DC1)-inducing stimulus (LPS + IFN-v) is the most potent
inducer of cell surface LLT1 (Fig. 3, C and E, lower).

We next performed similar TLR stimulations of B cells puri-
fied from blood. We found that TLR7 stimulation with CL097
or imiquimod and TLR-9 stimulation with CpG ODN induced
LLT1 expression both intracellularly and on the cell surface
(Fig. 4, B and C) whereas the increase of transcripts was only
marginal (Fig. 44). These results were also obtained with unpu-
rified B cells, upon TLR stimulation of PBMCs (data not
shown). Addition of IFN-v during the stimulation of B cells
with CL097 increased cell surface expression of LLT1 whereas
addition of IL-4 tended to decrease LLT1 up-regulation (Fig.
4D). Addition of IL-17 or sCD40L had no effect (data not
shown). Based on our findings, we next tested whether acute
viral infections could induce LLT1 expression. As shown in Fig.
4E, LLT1 cell surface expression was detected on peripheral B
cells following in vitro infection of PBMCs with EBV and

JOURNAL OF BIOLOGICAL CHEMISTRY 37967



LLT1 Expression Profile

A 3 0,040 ————
>
@ 0,035
'E 0,030
& 0,025
2
n_0,020'
% 0,015
$ o010
s
© 0,005
€ o
- + PHA
T cells
C Medium PHA
T cells T cells Gated on CD4* T cells Gated on CD8* T cells
k 1
€
3 1 1
o
: :
100 10! 102 103 10t 100 10! 102 108 104 100 10! 102 108 104 :00 10! 102 10% 10%
Anti-LLT1 L
T cells
migG1 anti-CD3
1.1% 29.2%
1 k 3
-
5 o
<3 =y
© E
3
" 22 2"(9'.
100 10! 103 10 100 10! 102 103 10 0 102 10% 100
Anti-LLT1 L CD69
B cells E >
Medium sCD40L/ F(ab’)2 anti-BCR &
7
& Y&
" e —40 kDa
c "
=]
8 LLT1 .‘—MkDa
—25 kDa
B-actin s = —40kDa
10t 100 10! 102 103 10%
Anti-LLT1 L
NK cells
NK cells + 293T + COS + THP1 + C1R
-
c
S
[«
QM
10% 100 1ot 102 108 104 109 10! 102 10% 104 100 10! 102 10° 10% 100 10! 102 10° 104
Anti-LLT1 -
NK cells + P815
+ migG2A + anti-CD16
t
S
o
UK—‘
0 100 ol 102 103 104
Antl LLT1 L

37968 JOURNAL OF BIOLOGICAL CHEMISTRY YASEMB\  VOLUME 286-NUMBER 44-NOVEMBER 4, 2011



HIV-1. Interestingly, we could not detect LLT1 expression on
peripheral B cells from patients with high HIV-1 viral loads,
suggesting that LLT1 induction seen on B cells upon acute HIV
infection is transient or that the HIV-1 virus regulates LLT1
expression (data not shown). Similarly, we detected LLT1 cell
surface expression iz vivo on a significant proportion of tonsil-
lar B cells isolated from human inflamed tonsils collected from
children suffering from chronic and recurrent tonsillitis trig-
gered by viral and bacterial infections (Fig. 4F). LLT1 expres-
sion was correlated with high levels of CD38 found in germinal
center B cells and on plasma blasts. These observations under-
line the association between LLT1 induction and antigenic
stimulation.

Physiological Roles of LLT1/CD161 Interaction—To assess
the role of the LLT1/CD161 interaction, we developed a block-
ing anti-LLT1 mAb. Clone 4F68 blocked the binding of
LLT1-Fc multimer to 293T-CD161 transfectants in a dose-de-
pendent manner (Fig. 54) and was the sole amongall anti-LLT1
mAbs described so far which was able to block LLT1-induced
down-regulation of CD161 cell surface expression (Fig. 5B). For
use in functional assays, we generated F(ab'),, fragments of 4F68
mlIgG1 and cloned the mAb to fuse the variable region to the
constant domain of human IgG4 which has a lower affinity for
the Fcy receptors (4F68-hIgG4).

CD161 is expressed by the majority of NK cells, and LLT1
expression on NK-sensitive target cells was previously found to
inhibit both NK cell-mediated cytotoxicity and IFN-+y produc-
tion (10, 11, 13). Using the blocking anti-LLT1 4F68 either as
mlgGl, F(ab'), fragments, or as a chimeric molecule with
hlgG4, we confirmed that the LLT1/CD161 interaction inhibits
NK cell functions. Similar to anti-CD161 mAb, anti-LLT1 4F68
mAb restored NK cell degranulation and IFN-vy secretion in the
presence of C1R-LLT1 target cells (Fig. 5, C and D).

CD161 is also expressed by a significant proportion of T cells
including invariant NK T cells, mucosa-associated invariant T
cells, y& T cells, and «B T cells, but the role of the LLT1/CD161
interaction in modulating the function of these T cell popula-
tions remains controversial. We therefore studied the effect of
the blocking anti-LLT1 mAb 4F68 in functional assays in vitro.
When we compared the different subsets of CD4™ T cells gen-
erated in vitro and secreting IFN-vy (Th1l), IL-4 (Th2), IL-17
(Th17), or IL-10 (Treg), we found that CD161 was expressed
more frequently on IFN-y- and IL-17-secreting T cells. 80% of
the cells with a Thl or Th17 phenotype expressed CD161
whereas only 40% were CD161" among the IL-4- or IL-10-
secreting T cells (data not shown). We therefore focused on the
role of the LLT1/CD161 interaction in the regulation of IFN-vy-
and IL-17-secreting T cells. Previous studies including our own
suggested that CD161 may function as a costimulatory receptor
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(3, 10, 14). To elucidate further the role of LLT1/CD161 on T
cells, we set up a cellular assay in which peripheral B cells pre-
stimulated with CpG ODN to induce LLT1 cell surface expres-
sion were incubated with autologous polyclonal T cells in the
presence of SEB. These polyclonal T cells included CD161""
CD8" mucosa-associated invariant T cells (4, 18) and
CD1617CD4" T cells. Fig. 64 shows that blocking the LLT1/
CD161 interaction by addition of anti-LLT1 mAb 4F68
decreased the percentage of IFN-vy-secreting CD161" T cells.
The reduction was more significant when the percentage of
IFN-Pt8ht CD161" T cells was considered. In a different
experimental setting, we mixed tonsillar B cells and T cells in
the presence of SEB and looked at T cell proliferation. As
described above, tonsillar B cells expressed a significant level of
cell surface LLT1 (Fig. 4F). Incubation with blocking anti-LLT1
mADb 4F68 decreased CD161" T cell proliferation (Fig. 6B).
Finally, we investigated the function of CD161 receptor on
Th17 clones generated in vitro. Cross-linking of CD161
together with CD3 increased IL-17 secretion, up to 30% at 0.5
pg/ml anti-CD3 (Fig. 6C). Altogether, these results indicate
that CD161 may represent an additional costimulatory mole-
cule involved in the regulation of T cell activation.

DISCUSSION

The immune system is set to defend the host against a diver-
sity of microbial pathogens. Triggering of immune responses
results from the activation of several signals, including signals
provided by T cell receptor or BCR cross-linking, signals deliv-
ered through costimulatory molecules, and signals from TLRs
or cytokine receptors. Using newly developed antibodies that
are highly specific for LLT1, we have shown that LLT1 is
induced upon activation through a combination of these signals
and that the LLT1/CD161 interaction on one hand inhibits NK
cell activation and on the other hand costimulates T cells. The
LLT1/CD161 interaction therefore has a dual role in that it
contributes to mount an efficient T cell response against
microbes but at the same time is involved in the control of NK
cell responses and tolerance. This is reminiscent of costimula-
tory molecules such as CD28/CTLA-4 that have been shown to
deliver both stimulatory and inhibitory signals for T cell
responses (19). Also, LLT1 shares characteristics of several
costimulatory molecules that have broad immunoregulatory
functions and are induced by PRRs such as TLRs (1, 20). Simi-
larly to costimulatory molecules, LLT1 is inducibly expressed
on T cells but also on APCs such as DCs and B cells. Such
pattern of expression necessitates undertaking cell type-spe-
cific analyses of their functions.

In this study, we focused on the role of LLT1 expressed by
APCs. We confirmed and extended previous findings that

FIGURE 2. LLT1 expression is induced on activated lymphocytes. A-C, polyclonal T cells cultured for 72 h in the absence or presence of PHA or 24 h on
plate-bound anti-CD3. CFSE-labeled CD4™ T cells were cultured for 5 days on plate-bound anti-CD3. A, CLEC2D transcript variant 1 (LLT1) quantification by
real-time RT-PCR. Band E, LLT1 protein detection by Western blot analysis of whole cell lysates using 2F1 mAb. Raji was used as control, and B-actin was used
as internal control. NK cells were generated from allogeneic stimulation in the presence of IL-2. C, D, and F, cell surface expression of LLT1 analyzed by flow
cytometry using 4F68 mAb (solid line) compared with mlgG1 isotype control (filled histogram). C, on T cells following PHA (upper) or plate-bound anti-CD3
(lower) stimulation. The proportions of plate-bound anti-CD3 activated T cells expressing LLT1 and CD69 are indicated. LLT1 expression is measured on
CFSE-labeled CD4* T cells. D, on polyclonal B cells cultured for 60 h in the absence or presence of sCD40L and anti-BCR F(ab’), fragments. F, on polyclonal NK
cells cultured for 18 h in the absence or presence of the indicated target cells (upper) and in the presence of P815 cells coated with mlgG2a isotype control or
anti-CD16 mAb (lower). Data are representative of at least three independent experiments.
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ments (A, D, and E) and two independent experiments (B and C).

LLT1 is induced upon specific TLR stimulations on DCs and B
cells (11). We found a predominant expression of LLT1 on LPS-
matured DCs which was significantly increased by IFN-v.
Interestingly, although factors such as LPS or poly(I:C) can
induce IL-12 production by DCs, the ability to generate stable
DC1 which have an elevated ability to produce IL-12 and pro-
mote Thl responses seems to be predominantly controlled by
IFN-vy stimulation (21). LLT1 induction seems therefore asso-
ciated with a Thl-polarizing environment. In contrast, DC2

37970 JOURNAL OF BIOLOGICAL CHEMISTRY

generated by stimulation with a mixture of cytokines (IL-1(3,
IL-6, TNF-o, and PGE2) (17) failed to up-regulate LLT1. We
also detected significant expression of LLT1 on activated B
cells, either following BCR and CD40 cross-linking or following
TLR7 and TLR9 stimulation. Similarly to DCs, the presence of
IFN-v increased LLT1 cell surface expression on B cells. In
contrast, IL-4 decreased LLT1 surface expression. Cytokines
play a key role in the commitment of naive B cells into effector
B cell subsets (22). IFN-+y contributes to the development of
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Be-1 cells that secrete IFN-vy, TNF-a, and IL-12. Interestingly,
these Be-1 cells also promote Th1 responses. Our results there-
fore indicate that LLT1 up-regulation is preferentially triggered
by a Thl-polarizing environment. This will favor its interaction
with CD161-expressing T cells and NK cells because (i) IL-12
was reported to up-regulate CD161 (23), (ii) we observed a high
frequency of CD161-expressing cells among IFN-vy-secreting T
cells, and (iii) the majority of NK cells that are high producers of
IEN-+y express CD161. CD161 is also expressed on a majority of
Th17 cells, many of which secrete both [FN-y and IL-17. Inter-
estingly, we found that the LLT1/CD161 interaction costimu-
lated the secretion of these two cytokines. The finding that
LLT1 is induced by pathogens provides a link with the prefer-
ential expression of its receptor CD161 on Thl and Th17 cells.
The induction of LLT1 by TLRs could also represent one mech-
anism coupling microbial recognition with the initiation of
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adaptive immune responses (24). Indeed, the LLT1/CD161
interaction may participate in the switch from innate to adapt-
ive immunity. Clusters of DCs, T cells getting primed, and acti-
vated NK cells are found in secondary lymphoid organs such as
lymph nodes draining infection sites (25-27). An initial expan-
sion and peak of activation of NK cells which is controlled by
both CD4™ T cells and DCs is followed by a contraction phase
and expansion of activated T cells secreting cytokines such as
IFN-vy (26, 28). In this context, the homeostatic control of the
NK cell response is crucial to avoid immune pathologies, and
we propose that induction of LLT1 on APCs upon stimulation
with appropriate pathogens may participate in this control.
How the interaction between LLT1 and CD161 can differen-
tially inhibit and costimulate NK and T cells needs further
investigation, but the implication of acid sphingomyelinase has
been proposed (14). Importantly, CD161 expression was
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reported on effector and memory T cells but not on naive T
cells (6). The role of the LLT1/CD161 interaction seems there-
fore to be restricted to the regulation of effector and memory T
cell responses rather than primary activation of naive T cells.

We found that the inhibitory and costimulatory signals deliv-
ered by CD161 are low (Figs. 5 and 6) and necessitate sufficient
levels of LLT1 and CD161 on the cell surface to be detected. In
particular, we show that a certain threshold of activation needs
to be reached to get induction of LLT1 on the cell surface,
which only occurs after 24 h of stimulation and is optimal at
48 h (Figs. 2—4). These findings correlate with the low affinity
interaction between CD161 and LLT1, which shows a K, ~48
uM (29). Also, CD161-mediated inhibition in NK cells has been
linked to the presence in the intracytoplasmic domain of
CD161, of a sequence homologous to immunoreceptor tyro-
sine-based inhibitory motifs but displaying an alanine at posi-
tion —2 which decreases its inhibitory potential (30). Our data
suggest that signals delivered by CD161 are tightly controlled,
consistent with a role of fine tuning NK and T cell responses
alongside other cell surface molecules. Alternatively, LLT1/
CD161 may also play a role in the homing of NK and T cells to
tissues, but this needs to be investigated further (15).

Because LLT1 was found to be expressed on T and NK cells in
addition to APCs (Figs. 2—4), the LLT1/CD161 interaction may
occur in cis. However, although we detected high levels of LLT1
on activated T cells, the addition of blocking anti-LLT1 mAb in
the absence of APCs did not modulate the T cell activation
threshold and T cell effector functions (data not shown). Fur-
ther work is needed to decipher the physiological role of LLT1
on activated T and NK cells.

The induction of LLT1 by TLRs indicates that the LLT1/
CD161 interaction regulates immune responses during infec-
tion. This was confirmed by the detection of LLT1 cell surface
expression on B cells upon EBV or HIV infection and in
inflamed tonsils, suggesting that the LLT1/CD161 interaction
has important functions in infectious diseases, particularly viral
and bacterial infections. However, the costimulatory role of
CD161 in T cells may also be particularly relevant in diseases
such as multiple sclerosis in which an expansion of
CD1617CD8™ T cells secreting proinflammatory cytokines has
been observed (31). Interestingly, an association between EBV
infection and multiple sclerosis has been reported. We show
that EBV induces LLT1 expression on the cell surface of B cells.
Although correlative, these findings add another weight to the
hypothesis that some of these CD161"CD8™ T cells in multiple
sclerosis would recognize EBV epitopes.

Whereas CD161 is the unique member of the NKR-P1 family
in humans, several NKR-P1 molecules have been described in
rodents sharing between 45 and 48% homology with human
CD161 (32-37). Ratand mouse klrb1 genes encodes both inhib-
itory receptors (fNKR-P1B and -G, mNKR-P1B/D) with a con-
served immunoreceptor tyrosine-based inhibitory motif in
their cytoplasmic domain and activating receptors (rNKR-P1A
and -F, mNKR-P1A, -C, and -F) that lack consensus immuno-
receptor tyrosine-based inhibitory motifs but display a charged
residue in their transmembrane region. Some C-type lectin-
related (Clr) molecules encoded by clec2d genes in the NK cell
complex are ligands for several mNKR-P1 and all rINKR-P1
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receptors. Whereas partial conservation of specificity for Clr
ligands is described among rNKR-P1 (38), Clr/mNKR-P1 inter-
actions seem to be more specific with Clr-b described as the
ligand of mNKR-P1B/D (39, 40) and Clr-g and Clr-x as ligands
of mNKR-P1F (40, 41). The multiplicity of NKR-P1 molecules
in rodents renders comparison with human system difficult, in
particular when functional role is concerned. Further work will
be needed to identify potential functional orthologs for LLT1.

Acknowledgments—We thank F. Bihl and F. Anjuére for helpful dis-
cussions and J. Kastrup, J. Cazareth, and F. Aguila for technical
assistance.

REFERENCES

1. Palm, N. W., and Medzhitov, R. (2009) Immunol. Rev. 227, 221-233
2. Lanier, L. L., Chang, C., and Phillips, J. H. (1994) J. Immunol. 153,
2417-2428
3. Exley, M., Porcelli, S., Furman, M., Garcia, J., and Balk, S. (1998) J. Exp.
Med. 188, 867—876
4. Martin, E., Treiner, E., Duban, L., Guerri, L., Laude, H., Toly, C., Premel,
V., Devys, A., Moura, I. C,, Tilloy, F., Cherif, S., Vera, G., Latour, S., Sou-
dais, C., and Lantz, O. (2009) PLoS Biol. 7, e54
5. Poggi, A., Zocchi, M. R,, Costa, P., Ferrero, E., Borsellino, G., Placido, R.,
Galgani, S., Salvetti, M., Gasperini, C., Ristori, G., Brosnan, C. F., and
Battistini, L. (1999) /. Immunol. 162, 4349 — 4354
6. Holmes, S., He, M., Xu, T., and Lee, P. P. (2005) Proc. Natl. Acad. Sci.
U.S.A. 102, 55195523
7. Takahashi, T., Dejbakhsh-Jones, S., and Strober, S. (2006) . Immunol. 176,
211-216
8. Cosmi, L., De Palma, R., Santarlasci, V., Maggi, L., Capone, M., Frosali, F.,
Rodolico, G., Querci, V., Abbate, G., Angeli, R., Berrino, L., Fambrini, M.,
Caproni, M., Tonelli, F., Lazzeri, E., Parronchi, P., Liotta, F., Maggi, E.,
Romagnani, S., and Annunziato, F. (2008) /. Exp. Med. 205, 1903-1916
9. Maggi, L., Santarlasci, V., Capone, M., Peired, A, Frosali, F., Crome, S. Q.,
Querci, V., Fambrini, M., Liotta, F., Levings, M. K., Maggi, E., Cosmi, L.,
Romagnani, S., and Annunziato, F. (2010) Eur. J. Immunol. 40, 2174 -2181
10. Aldemir, H., Prod’homme, V., Dumaurier, M. J., Retiere, C., Poupon, G.,
Cazareth, ], Bihl, F., and Braud, V. M. (2005) /. Immunol. 175, 7791-7795
11. Rosen, D.B., Cao, W., Avery, D. T., Tangye, S. G., Liu, Y. ]., Houchins, J. P.,
and Lanier, L. L. (2008) J. Immunol. 180, 6508 —6517
12. Germain, C., Bihl, F., Zahn, S., Poupon, G., Dumaurier, M. J., Rampana-
rivo, H. H., Padkjeer, S. B., Spee, P., and Braud, V. M. (2010) /. Biol. Chem.
285, 36207-36215
13. Rosen, D. B., Bettadapura, J., Alsharifi, M., Mathew, P. A., Warren, H. S.,
and Lanier, L. L. (2005) J. Immunol. 175, 7796 —7799
14. Pozo, D., Valés-Gémez, M., Mavaddat, N., Williamson, S. C., Chisholm,
S. E.,, and Reyburn, H. (2006) /. Immunol. 176, 2397—-2406
15. Poggi, A., Costa, P., Zocchi, M. R,, and Moretta, L. (1997) Immunol. Lett.
57,121-123
16. Bryceson, Y. T., March, M. E,, Ljunggren, H. G., and Long, E. O. (2006)
Blood 107, 159 -166
17. Kalinski, P., Wieckowski, E., Muthuswamy, R., and de Jong, E. (2010)
Methods Mol. Biol. 595,117-133
18. Dusseaux, M., Martin, E., Serriari, N., Péguillet, I, Premel, V., Louis, D.,
Milder, M., Le Bourhis, L., Soudais, C., Treiner, E., and Lantz, O. (2011)
Blood 117, 12501259
19. Rudd, C. E,, Taylor, A., and Schneider, H. (2009) Immunol. Rev. 229,
12-26
20. Sharpe, A. H. (2009) Immunol. Rev. 229, 5-11
21. Kalifski, P., Hilkens, C. M., Wierenga, E. A., and Kapsenberg, M. L. (1999)
Immunol. Today 20, 561-567
22. Lund, F. E. (2008) Curr. Opin. Immunol. 20, 332—-338
23. Poggi, A., Costa, P., Tomasello, E., and Moretta, L. (1998) Eur. J. Immunol.
28, 1611-1616
24. Nish, S., and Medzhitov, R. (2011) Immunity 34, 629 — 636

VOLUME 286+NUMBER 44-NOVEMBER 4, 2011



25.
26.
27.
28.
29.
30.

31.

32.

NOVEMBER 4, 2011« VOLUME 286+NUMBER 44

Bajénoff, M., Breart, B., Huang, A. Y., Qi, H., Cazareth, ., Braud, V. M,,
Germain, R. N, and Glaichenhaus, N. (2006) /. Exp. Med. 203, 619 —631
Bihl, F., Pecheur, J., Bréart, B., Poupon, G., Cazareth, J., Julia, V., Glaichen-
haus, N., and Braud, V. M. (2010) J. Immunol. 185, 21742181

Beuneu, H., Deguine, J., Breart, B., Mandelboim, O., Di Santo, J. P., and
Bousso, P. (2009) Blood 114, 3227-3234

Robbins, S. H., Tessmer, M. S., Mikayama, T., and Brossay, L. (2004) J. Imm-
munol. 173, 259 -266

Kamishikiryo, J., Fukuhara, H., Okabe, Y., Kuroki, K., and Maenaka, K.
(2011) /. Biol. Chem. 286, 23823—23830

Burshtyn, D.N,, Yang, W., Yi, T., and Long, E. O. (1997) /. Biol. Chem. 272,
13066 -13072

Annibali, V., Ristori, G., Angelini, D. F., Serafini, B., Mechelli, R., Cannoni,
S.,Romano, S., Paolillo, A., Abderrahim, H., Diamantini, A., Borsellino, G.,
Aloisi, F., Battistini, L., and Salvetti, M. (2011) Brain 134, 542554
Chambers, W. H., Vujanovic, N. L., DeLeo, A. B., Olszowy, M. W., Her-
berman, R. B, and Hiserodyt, J. C. (1989) J. Exp. Med. 169, 1373—-1389

33.

34.
35.

36.

37.

38.

39.

40.

41.

LLT1 Expression Profile

Giorda, R, Rudert, W. A., Vavassori, C., Chambers, W. H., Hiserodt, J. C.,
and Trucco, M. (1990) Science 249, 1298 —1300

Giorda, R., and Trucco, M. (1991) J. Immunol. 147, 1701-1708

Giorda, R., Weisberg, E. P., Ip, T. K., and Trucco, M. (1992) J. Immunol.
149, 1957-1963

Carlyle, J. R, Martin, A., Mehra, A., Attisano, L., Tsui, F. W., and Zuaiiga-
Pfliicker, J. C. (1999) J. Immunol. 162, 59175923

Plougastel, B., Matsumoto, K., Dubbelde, C., and Yokoyama, W. M. (2001)
Immunogenetics 53, 592—598

Kveberg, L., Dai, K. Z., Westgaard, I. H., Daws, M. R,, Fossum, S., Naper,
C., and Vaage, J. T. (2009) Eur. J. Immunol. 39, 541-551

Carlyle, J. R,, Jamieson, A. M., Gasser, S., Clingan, C. S., Arase, H., and
Raulet, D. H. (2004) Proc. Natl. Acad. Sci. U.S.A. 101, 3527-3532

lizuka, K., Naidenko, O. V., Plougastel, B. F., Fremont, D. H., and
Yokoyama, W. M. (2003) Nat. Immunol. 4, 801-807

Aust, J. G., Gays, F., Mickiewicz, K. M., Buchanan, E., and Brooks, C. G.
(2009) J. Immunol. 183, 106 -116

JOURNAL OF BIOLOGICAL CHEMISTRY 37975



